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HIGHLIGHTS 


• Microwave irradiation was used for the torrefaction of wheat and barley straw. 

• Barley straw tended to carbonize more than wheat straw under microwave irradiation. 

• Energy density increased in both wheat and barley straw after torrefaction. 

• Biomass grindability and hydrophobicity improved significantly after torrefaction. 
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Microwave irradiation was used in this study for the torrefaction of wheat and barley straw. The torre¬ 
faction effect was studied by varying the microwave power level (200-300 W), reaction time (10-20 min) 
and moisture content of biomass (5-15%). Mass yield and energy yield of the torrefied biomass was 
determined. Fuel properties like H/C and O/C ratio were assessed from elemental composition. Grinding 
characteristics and hydrophobicity of the torrefied sample were studied and compared with the raw 
biomass. Barley straw tended to carbonize more under microwave irradiation with 29.1% increase in 
the C content against 16.2% in the case of wheat straw when torrefied at 300 W for 20 min. Both H/C 
and O/C ratio decreased with increase in power and reaction time. The energy density increased by 
14-15% in wheat straw and 21-23% in barley straw under suitable reaction condition. Mass and energy 
yields were 64.0-97.8% and 73.8-98.4%, respectively for wheat straw. In barley straw, mass and energy 
yields were 42.7-97.4% and 52.5-97.3%, respectively. Moisture content of the biomass did not affect the 
reaction as much as other parameters and the mass yields were comparable between different moisture 
contents. Grindability of the biomass improved significantly after torrefaction. The particle size ratio 
between torrefied and untreated straw after grinding was 0.66 and 0.61 for wheat and barley, 
respectively. The torrefied biomass was more hydrophobic and the moisture uptake was reduced by 
61-68% under suitable torrefaction condition. Microwave irradiation can be used effectively for 
torrefaction of the two biomass investigated at moderate power and short process time. 

© 2014 Elsevier Ltd. All rights reserved. 


1. Introduction 

In recent years, biomass has been sought after as a major source 
of renewable energy. Biomass is a source of sustainable carbon- 
neutral energy and has potential to play an important role in the 
future. Biomass is by far the most important source of renewable 
energy today, accounting for about 10% of total primary energy 
use and 78% of total renewable energy [1]. Among all the types 
of biomass sources, agricultural residues are the most promising 
in terms of their abundance and non-association with the food 
versus fuel problem [2]. Many agricultural residues are poorly 
utilized and often burnt in open fields causing massive air 
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pollution. However, these valuable resources can be converted to 
green chemicals and biofuels with the use of suitable technologies. 
There are many thermo-chemical conversion technologies, includ¬ 
ing carbonization, torrefaction, pyrolysis, and gasification, that 
have been researched and developed to treat agricultural waste 
[3]. The products of these methods can be further upgraded into 
various useful biofuels to generate heat and electricity [4]. 

Untreated biomass materials are known to possess certain 
disadvantages such as high water content, hydrophilic nature, 
low calorific value, low energy density, poor grindability, high 
transportation cost due to high bulk, low combustion efficiency, 
and thermal instability during combustion because of high oxygen 
content. Torrefaction is one of the pretreatment methods which 
can address most of these inherent issues and upgrade untreated 
biomass to a higher quality and more attractive biofuel [5]. 
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Torrefaction is a relatively mild thermo-chemical treatment of bio¬ 
mass carried out at low temperature range of 200-300 °C at atmo¬ 
spheric pressure under inert atmospheric conditions. The heating 
rates are usually kept below 50°C/min [4]. It helps to remove 
water and low-molecular-weight organic volatiles and converts 
biomass materials into high quality fuels with low water content, 
low O/C ratio, and high energy density. It makes the biomass brittle 
and improves its grindability [6-8]. Furthermore, torrefied biomass 
can be utilized as a solid fuel for home or industry use. It can also 
be co-fired with coal in a pulverized coal-fired boiler [9]. Torrefied 
products are hydrophobic, which makes them convenient for stor¬ 
age and transportation [10]. Moreover, high energy torrefied pel¬ 
lets can also be made from torrefied biomass [11]. 

In recent years, there have been several studies on the 
torrefaction of biomass. Most of the studies used electric heating 
(conventional heating method) as the heating source and the 
effects of process temperature and process time on torrefaction 
of biomass were discussed [12-16]. In general, conventional 
heating-based torrefaction requires longer processing time. In con¬ 
ventional heating, energy is transferred to the material through 
three modes viz., conduction, convection, and radiation from out¬ 
side to the inside of the biomass. However, microwave irradiation 
provides an alternative method of heat transfer in addition to these 
three heat transfer modes. Its frequency is usually in the range of 
300 MHz and 300 GHz with corresponding wavelength between 
1 m and 1 mm, respectively. Not all materials can absorb micro- 
waves. According to the interaction with microwaves, materials 
can be classified into three types: insulators (transparent), conduc¬ 
tors (reflective), and dielectrics (absorptive). Therefore, microwave 
heating can be regarded as dielectric heating. Heat is generated by 
the molecular rotation and friction induced by microwave radia¬ 
tion. Because of the difference in how heat is being generated, 
microwave heating has many potential advantages in processing 
materials. Additionally, microwave heating provides shorter 
reaction time, accurate control, prevents undesirable secondary 
reactions that lead to formation of impurities, and provides volu¬ 
metric heating with good penetration depth [17,18]. Microwave 
heating is a selective, rapid, uniform, and energy-saving method 
without direct contact with the heated material [19]. However, 
more polar components will absorb more energy, and thus, “hot 
spots” will be created in non-homogeneous materials like biomass. 
It is hypothesized that this unique heating feature results in an 
“explosion” effect in the particles and improves the disruption of 
the lignocellulosic structures [2]. 

Microwave technology has been applied for various purposes, 
such as chemical synthesis, digestion, extraction, drying, cooking, 
and pyrolysis, [4,20]. Microwave induced torrefaction of some 
biomass like rice husk and sugar cane residue [20], rice straw 
and Pennisetum [4], sugarcane bagasse [21] and corn stover 
[22,23] have been reported in the last few years. In these studies, 
the effect of different experimental conditions viz., microwave 
power level, processing time, biomass particle size and water con¬ 
tent of biomass on torrefied biomass characteristics and reaction 
kinetics have been investigated. Yemis and Giuseppe [24] opti¬ 
mized the acid-catalyzed conversion conditions of wheat straw 
into furfural, 5-hydroxymethylfurfural (HMF), glucose, and xylose 
in a microwave assisted process using response surface methodol¬ 
ogy. Budarin et al. [25] investigated the low temperature micro- 
wave activation of wheat straw as a novel, energy efficient route 
to bio-oils and found that the properties of the bio-oil produced 
in terms of water content, elemental composition and calorific va¬ 
lue have all been comparable to and in many cases better than con¬ 
ventional pyrolysis oils. They also observed that the use of simple 
additives, e.g. HC1, H 2 S0 4 and NH 3 , affected the process product 
distribution, along with changes in the chemical composition of 
the oils. Zhao et al. 26] studied the pyrolysis of compressed wheat 


and corn straw bale in a self-designed and built microwave heating 
device. The electricity consumption was between 0.58 and 
0.65 kW h (kg straw) -1 and with the increase of microwave power, 
the electricity consumption required for pyrolysis of unit mass of 
straw increased. Uneven heating was observed due to low penetra¬ 
tion depth of microwave and large size of biomass sample. Wheat 
and barley straws are two abundantly available agricultural straws, 
which can be suitably treated for fuel use through torrefaction. 
Information on the torrefaction of these straws in microwave heat¬ 
ing and the characteristics of the torrefied biomass is apparently 
missing in literature. 

The objective of the present research is to investigate the process 
of microwave induced torrefaction of wheat and barley straw at 
different experimental conditions viz., microwave power level, reac¬ 
tion time and raw biomass moisture content. In addition, the effect 
of microwave torrefaction on the characteristics of torrefied prod¬ 
ucts, grinding performance, and hydrophobicity was determined. 

2. Material and methods 

2.2. Crop residues 

Wheat and barley straws in square bales were obtained from an 
experimental farm near Saskatoon, Saskatchewan, Canada. The ini¬ 
tial moisture content of straw was determined by oven drying 
about 25 g samples in triplicate at 103 ± 2 °C for 24 h and found 
to be 5.1% (wb) for wheat and 5.8% (wb) for barley. The straws 
were ground by a hammer mill (Serial No. 6M13688; Glen Mills 
Inc., Maywood, NJ) using a screen size of 3.2 mm. A dust collector 
(House of Tools, Model No. DC-202B, Saskatoon, SK) was connected 
to the outlet of the hammer mill to control dust during operation, 
provide flowability of chopped biomass through the hammer mill, 
and collect the ground biomass. A Ro-Tap sieve shaker (W.S. Tyler 
Inc., Mentor, OH) and U.S. sieve numbers 16, 20, 30, 50, 70 and 100 
(sieve opening sizes: 1190, 841, 595, 297, 210 and 149 pm, respec¬ 
tively) were used for the particle size analysis. About 100 g of the 
sample was taken in triplicate and placed on the top sieve and 
shaking was done for 10 min. The mass retained on each sieve 
and the bottom pan was determined and the geometric mean par¬ 
ticle diameter was calculated in accordance to ASAE standard 
S319.3 [27]. The mean geometric particle size of wheat and barley 
straw grinds were 0.858 ± 0.001 mm and 0.873 ± 0.004 mm, 
respectively. 

The raw biomass was conditioned to the desired moisture con¬ 
tent of 10% (db) and 15% (db) by spraying water uniformly into 
the straw grinds. The wetted material was placed in a plastic bag 
and stored in a controlled environment chamber at 4 °C for one 
week for moisture equilibrium prior to experiments. The proximate 
analysis of the straw grind was carried out in accordance with ASTM 
Standard D3172 [28]. The ultimate analysis was done using an ele¬ 
mental analyser (Elementar-Vario EL III, Germany). Prior to fiber 
analysis, moisture and dry matter content was determined in tripli¬ 
cate by AOAC standard method 930.15 [29] by drying about 2 g of 
the samples at 135 °C for 2 h. Lignin content, ADF and NDF were 
determined as per ANKOM methods 8, 5 and 6 respectively 30- 
32] on a dry matter basis in duplicate. Cellulose content was calcu¬ 
lated as ADF minus lignin content and hemicellulose content was 
calculated as NDF minus ADF. The higher heating values (HHV) of 
the straw samples were calculated from their C, H and N contents 
in a dry basis, using the following expression, as derived by Friedl 
et al. [33], for biomass from plant origin with a correlation coeffi¬ 
cient of 0.935 between experimental and predicted HHV values. 

HHV = 3.55 x C 2 - 232 x C - 2230 xH + 51.2xCxH 

+ 131 x N + 20600 (1) 
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The microwave heating of the biomass depends on its dielectric 
properties. The dielectric constant (8') and the dielectric loss factor 
(8") of the straw samples were determined by measuring the par¬ 
allel capacitance and resistance with a computer controlled preci¬ 
sion LCR (Inductance, Capacitance and Resistance) device (208A, 
Agilent Technologies, Palo Alto, CA) and a dielectric test fixture 
(16452, Agilent Technologies, Palo Alto, CA) at frequency ranging 
from 5 MHz to 30 MHz at room temperature of 22 °C. Completely 
oven-dried samples (about 5 g) of wheat and barley straw were 
tested in triplicate and the results at 30 MHz are presented in this 
paper for comparison. 

The properties of wheat and barley straw are given in Table 1. 
The compositions of both biomass samples are similar. The hemi- 
cellulose content and volatiles were higher in barley straw than 
wheat straw. It can be observed that the combustible content 
(fixed carbon and volatiles) and HHV of both wheat and barley 
straw were very close. The barley straw seems to have slightly bet¬ 
ter dielectric properties than the wheat straw at the test frequency. 

2.2. Torrefaction experimental set-up and procedure 

The experimental setup used in the present study is shown in 
Fig. 1. The set up was developed using a bench top microwave con¬ 
vection oven with 2.45 GHz (LBM 1.2A/7296, Cober Electronics 


Table 1 

Properties of wheat and barley straw on a dry matter basis. 



Wheat 

Barley 

Moisture, wt.% (wb) 

5.1 

5.8 

Dry matter, wt.% 

94.9 

94.2 

Proximate analysis (wt.%) 

Volatiles 

69.4 

71.2 

Fixed carbon 

30.6 

28.8 

Ash 

10.9 

8.1 

Fiber analysis (wt.%) 

Cellulose 

41.5 

37.8 

Hemicellulose 

22.9 

26.3 

Lignin 

12.3 

8.9 

Ultimate analysis 

Carbon (C) 

44.9 

44.5 

Hydrogen (H) 

5.9 

5.8 

Nitrogen (N) 

0.69 

1.09 

Sulphur (S) 

0.15 

0.17 

Oxygen (0) a 

37.6 

40.4 

Higher Heating Value (MJ/kg) 

17.8 

17.7 

Dielectric properties (at 30 MHz and 22 °C) 

Dielectric constant (e') 

1.78 

1.89 

Dielectric loss factor (e") 

0.08 

0.09 


a Calculated by difference as per ASTM D3176 [47]. 


Inc., Stamford, CT) for conducting experiments. The microwave 
power can be varied from 0 to 1200W through a power percent 
controller toggle switch located at the front panel. The power is 
indicated on an analog wattmeter on the microwave control panel. 
Uniform heating is achieved through a mode stirrer which distrib¬ 
utes the microwaves inside the cavity and minimizes reflected 
power. A custom-made cylindrical quartz container, 140 mm in 
diameter and 108 mm in height was used as the reactor (Fig. 1A). 
The container is made airtight by putting a lid on top of the con¬ 
tainer and a close fitting rubber ‘O’ ring in between. The joint 
was further sealed using paper tape. The container has one exhaust 
port on the side of the lid and three ports at the bottom of the side 
wall for thermocouple and nitrogen purging. Use of thermocouples 
for continuous measurement of temperature microwave processes 
has been a point of discussion due to interference of microwave on 
the metal part and electrical discharges. However, various 
researchers [20,26] have reported the use of K-type thermocouple 
with metal sheath during microwave torrefaction/pyrolysis of bio¬ 
mass with satisfactory results. Few researchers [24,25] have also 
reported the use of fiber optic temperature sensors in low temper¬ 
ature (<200 °C) microwave heating of biomass. Okmen and Bay- 
indirli [34] used standard J-type Teflon coated thermocouples 
with spot welded junction covered with epoxy resin. He covered 
the thermocouple with 0.1 mm aluminium sheet which was found 
to help reflect microwaves from the thermocouple surface and not 
interfere with measurements. The aluminium layer was electri¬ 
cally insulated by an additional layer of Teflon ribbon to prevent 
any possible arching that could result from irregularities in the alu¬ 
minium foil layer. In the present study, a high temperature (0- 
700 °C) transition joint K-type thermocouple probe with grounded 
stainless steel metal sheath along with a UTC-USB thermocouple 
connector (Omega Engineering, Inc. Stamford, CT) for computer 
with a measurement accuracy of ±0.5 °C was used for temperature 
measurement. The thermocouple was covered with a Teflon tube 
throughout the microwave cavity and only exposing the tip inside 
the biomass sample. The thermocouple was further grounded to 
avoid any discrepancy in temperatures reading or arcing due to 
microwaves [35]. The temperature data was recorded continuously 
on a laptop computer using the TRH Central data logging software 
(version 1.03.12.224, Omega Engineering, Inc., Stamford, CT). To 
assess the accuracy of the temperature measurement, the thermo¬ 
couple was calibrated in the power range of 200-300 W without 
the biomass sample. A beaker of water was kept inside the micro- 
wave to prevent huge reflected power and damage to the magne¬ 
tron. The temperature measurement error was found to be less 
than 14 °C, which was considered acceptable for the present study. 
During the torrefaction experiment, the thermocouple was 
introduced into the center of the sample through one port on the 



(A) 


(B) 


Fig. 1 . The torrefaction reactor (A) and the experimental set-up (B) for the microwave torrefaction (a: Nitrogen gas supply; b: thermocouple; c: Exhaust tube; d: reactor with 
biomass). 
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reactor bottom. The exhaust port at the top of the reactor vessel 
was connected through Teflon tubing to the condenser. 

About 70 ± 0.05 g biomass was placed in the reactor for each 
experiment. Nitrogen gas was purged through one of the bottom 
ports of the reactor at a constant rate of 50 ml/min using a flow 
meter. Nitrogen gas was continuously purged for about 20 min be¬ 
fore the start of each experiment and continued throughout the 
process. The carrier gas kept purging until the solid residues were 
cooled down to 80 °C before removal and placement in the desic¬ 
cators. In this study, three experimental parameters viz., micro- 
wave power level, reaction time, and moisture content of 
biomass were varied. The torrefaction experiments were done in 
triplicate. The details of the operating conditions selected based 
on preliminary trials are given in Table 2. The mass of the torrefied 
biomass was recorded after cooling to room temperature. Then the 
samples were placed in air-tight plastic bags and stored in room 
temperature for further analysis. The weight of condensable vola¬ 
tiles yield was also recorded. 

2.3. Analytical methods 

The torrefied biomass after each experiment was mixed gently 
before drawing samples for further analysis for material character¬ 
ization to ensure uniformity. The moisture content of all the trea¬ 
ted samples were determined in triplicate by taking about 2 g 
sample in aluminum container and drying in an oven at 
103±2°C for 24 h and the average values were reported. The 
CHNS content of the torrefied samples were determined by ulti¬ 
mate analysis using the elemental analyzer (Elementar-Vario EL 
III, Germany). The samples of torrefied biomass were ground to less 
than 1 mm size before the CHNS analysis. About 4-6 mg of the 
samples was taken in small aluminum pockets and placed inside 
the elemental analyzer for CHNS determination. The results were 
obtained directly through a computer. The tests were conducted 
in triplicate and average values were reported. The higher heating 
values (HHV) of the straw samples were calculated from their C, H 
and N contents in a dry basis by using Eq. (1). The ash content of 
the torrefied samples was determined in accordance with the 
ASTM standard D3174 by taking approximately 1 g of the torrefied 
sample in porcelain crucible and heating in a muffle furnace at 
750 ± 15 °C for 4 h [36]. The ash content of the samples was deter¬ 
mined in triplicate and average values were reported. 

2.4. Mass and energy yield 

The energy yield of torrefied biomass is considered as a useful 
assessment of the process and can be calculated from mass yield, 
as described by Bridgeman et al. [14,37]. The mass yield ( rj m ), en¬ 
ergy density ratio (ER) and energy yield {p e ) were calculated by 
using the following equations: 


rim = (Mt/M ut ) X 100 

( 2 ) 

ER = (HHV t /HHV ut ) 

( 3 ) 

rie = ti m x ER 

( 4 ) 

Table 2 



Operating conditions for microwave induced torrefaction of wheat and barley straw. 


Experimental parameters 

Levels 

Microwave power (W) 

200, 250, and 300 

Reaction time (min) 

10, 15, and 20 

Moisture content (% db) 

5, 10, and 15 


where M t and M ut are the mass of the torrefied solid mass and the 
raw sample mass in dry basis respectively. The HHV t and HHV^ 
are the heating values calculated using Eq. (1) on dry basis. 

2.5. Grinding performance of the torrefied biomass 

Torrefaction is believed to improve the grindability of the 
tenacious biomass. Mani et al. [38] studied the grinding perfor¬ 
mance of barley straw, corn stover and switchgrass in terms of 
the specific energy consumption and particle size distribution. 
Chen et al. 39] used particle size distribution of the torrefied bio¬ 
mass after grinding in a knife mill as a standard method to de¬ 
scribe the grindability of the product. Arias et al. [13] evaluated 
the grindability characteristics of torrefied eucalyptus with re¬ 
spect to the original material by grinding in a cutting mill with 
a bottom sieve of 2 mm and then analyzed the particle size distri¬ 
bution by sieving. Phanphanich et al. [40 used a laboratory hea¬ 
vy-duty knife mill (Retsch SM 2000, Germany) in the grinding 
experiments of torrefied wood chips with a bottom sieve opening 
of 1.5 mm. Some researchers determined the Hardgrove Grinda¬ 
bility Index (HGI) using a standard Hardgrove grinder and com¬ 
pared with samples of coal with known HGI [10,41]. However, 
the particle size distribution of the grind material was also as¬ 
sessed to give a greater insight into their grinding behavior, using 
the method described by Bridgeman et al. [37]. In the present 
study, about 30 ± 0.05 g of the torrefied samples were ground 
using a cutting mill (Retsch, GmbH, Haan, Germany) using a 
screen size of 1.5 mm. The material was ground for 120 s and care 
was taken to uniformly feed the material through the feeding 
chute. The grinds were then analyzed for particle size distribution 
using standard Canadian sieve numbers 30, 40, 50, 60, 70 and 100 
(with opening sizes of 595, 425, 297, 250, 210 and 150 pm, 
respectively) and a Ro-Tap sieve shaker (W.S. Tyler Inc., Mentor, 
OH). The particle size analysis was carried out and the geometric 
mean particle diameter was determined as per ASABE standard 
S319.3 [27]. The grinding performance tests were conducted in 
duplicate and average values were reported. The grinding perfor¬ 
mance of the torrefied samples was compared with that of the 
untreated biomass. 

2.6. Hydrophobicity test 

Many studies on torrefaction reported that it enhances the 
hydrophobic characteristics of biomass; however, no standardized 
method exists for hydrophobic testing of biomass. Pimchuai et al. 
[42] reported a hydrophobicity test by immersing raw and torr¬ 
efied biomass in water for 120 min and then allowing biomass 
to dry and determined the weight change as a measure of mois¬ 
ture absorption. Ibrahima et al. [10] compared the hydrophobicity 
of the torrefied mass by immersing approximately 0.5 g of bio¬ 
mass (particle size < 1 mm) in deionised water at room tempera¬ 
ture in a sintered glass filter for 2 h, followed by air drying for 1 h, 
prior to the determination of its moisture content. Acharjee et al. 
[43 studied the water uptake in torrefied biomass by determin¬ 
ing the equilibrium moisture content at relative humidity ranging 
from 11% to 97% at a constant temperature of 30 °C. In the pres¬ 
ent study, the raw and torrefied samples were dried in a convec¬ 
tion oven at 105 °C for 24 h prior to hydrophobicity test as per 
the procedure followed by Lam et al. [44]. About 2 g of the dried 
samples in triplicate were placed in aluminum containers and put 
in a controlled environment system (Angelantoni Climatic Sys¬ 
tems, Massa Martana, Italy) at constant temperature of 30 °C 
and 95% RH for 72 h. The final weights of the samples were mea¬ 
sured to assess the moisture uptake and the average values are 
reported. 
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2.7. Statistical analysis 

Experimental data were analyzed using the SPSS statistical soft¬ 
ware version 16.0 (SPSS Inc M Chicago, IL). The LSD and Duncan’s 
multiple range test were used to compare means. 

3. Results and discussion 

Microwave heating depends on the dielectric properties of the 
material. High microwave frequencies and large values of the 
dielectric properties result in surface heating, while low frequen¬ 
cies and small values of dielectric properties result in more volu¬ 
metric heating [45]. In the present study, volumetric heating of 
the biomass materials was observed. The biomass colour changed 
to dark brown to black with increasing power level and reaction 
time. However, uneven heating and hot spots were observed in 
the torrefied biomass, especially at low power and small residence 
time, which is due to the non-homogenous nature of the biomass 
samples and selective heating mechanism of microwave. 

3.1. Temperature profiles 

Due to the selective nature of the microwave heating mecha¬ 
nism, the primary task was to test whether wheat straw and barley 
straw are proper dielectric materials or not, and to assess the heat¬ 
ing characteristics. Initially, torrefaction was tested at a power le¬ 
vel 150W but the temperature barely reached 220 °C even after 
30 min. Therefore, the reaction was tried at power levels of 200, 
250, 300 and 400 W for wheat straw. The temperature profiles 
and heating rates for wheat straw are shown in Figs. 2 and 3. 
The temperature at 400 W increased rapidly to more than 450 °C 
in about 5 min with initial maximum heating rate of 134°C/min, 
which was high as per the torrefaction requirement of below 
50°C/min [4]. Hence, further experiments were conducted at 
power level of 200-300 W. However, the temperature measure¬ 
ments could not be completed for 300 W/20 min in wheat straw 
and 250 W/20 min and 300 W/15-20 min in barley straw because 
of large fluctuations in the temperature readings. It was observed 
that the Teflon coating on the thermocouple melted at these power 
levels and process time as the process temperature crossed about 
400 °C resulting in higher microwave interference. Another possi¬ 
ble reason may be the dielectric breakdown of the medium near 
the thermocouple producing electrical discharge. Further experi¬ 
ments at these reaction conditions were performed without the 
thermocouple. The maximum process temperature and maximum 
heating rates in wheat straw were found to increase from 242 to 
392 °C and from 42 to 64 °C/min when the power increased 
from 200 to 300 W. The heating rates in wheat straw were not 
constant and found higher in the brief initial and last part of the 



Fig. 3. Heating rate profiles of wheat straw at various microwave power levels. 


experiments at all the power levels. Although higher heating rates 
at instants were observed, the heating rates usually were less than 
50 °C/min for most of the time at all of these power levels. The ini¬ 
tial higher heating rates may be attributed to the availability of 
moisture in the initial phase, which is a good absorber of micro- 
wave radiation. The heating rates were observed to increase again 
in the last phase of the experiment, which may be due to the in¬ 
creased carbonization in this phase and carbon is a very good ab¬ 
sorber of microwave radiation. The temperature profiles and 
heating rates of barley straw are shown in Figs. 4 and 5. The tem¬ 
perature profile and heating rate profile of barley straw were sim¬ 
ilar to wheat straw but the values were higher than that of the 
values of wheat straw. For example, the maximum process temper¬ 
ature and maximum heating rates in barley straw in 10 min pro¬ 
cess time increased from 227 to 388 °C and 58 to 110°C/min, 
respectively. These values for wheat straw are 133-307 °C and 
27-64 °C/min respectively, which is significantly lower than that 
of barley straw. The temperature and heating rates clearly indicate 
that barley straw has better microwave absorbance than wheat 
straw. This is supported by the higher values of dielectric proper¬ 
ties of barley straw as compared to wheat straw in terms of the 
dielectric constant (e') and dielectric loss factor (8:") as given in Ta¬ 
ble 1. Further experiments were conducted at three power levels: 
200, 250, and 300 W and three reaction times: 10, 15, and 
20 min. Huang et al. [4] reported that when the microwave power 
level increased from 150 to 350 W, the final temperatures in¬ 
creased from 237 to 423 °C and 252 to 394 °C for rice straw and 
Pennisetum, respectively. The temperature profiles indicated that 
the heating rates were not constant. In microwave torrefaction of 
rice husk and sugarcane residue, similar temperature profiles were 
reported by Wang et al. [20]. The temperature in rice husk at 
300 W reached 443 °C in 15 min. The final temperature of sugar¬ 
cane residue reached 474 °C in 15 min when torrefied at 250 W. 



Fig. 2. Temperature profiles of wheat straw at various microwave power levels. 


200 W -250 W — • — 300 W 



Time, min 

Fig. 4. Temperature profiles of barley straw at various microwave power levels. 
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- 200 W - 250 W - 300 W 



Time, min 

Fig. 5. Heating rate profiles of barley straw at various microwave power levels. 

3.2. Elemental composition of torrefied biomass 

The elemental composition of torrefied biomass is presented in 
Table 3. Microwave power and reaction time significantly affected 
the C, H and O content of the torrefied solid residue. The C content 
increased, whereas, the H and O content decreased with increase in 
power and reaction time, which is due to the removal of volatiles. 
The C content increased by 16.2% and 29.1% in wheat and barley 
straw, respectively when torrefied at 300 W for 20 min. This shows 
that barley straw tended to carbonize more under microwave irra¬ 
diation, which is also supported by the temperature profiles dis¬ 
cussed earlier. Both H/C and O/C ratios decreased with increasing 
microwave power levels. The atomic H/C and O/C ratios of un¬ 
treated wheat straw were 0.13 and 0.84 and those of untreated 
barley straw were 0.13 and 0.91, respectively. After torrefaction 
at 300 W microwave power level for 20 min processing time, the 
atomic H/C and O/C ratios of torrefied wheat straw were 0.10 
and 0.49, and those of torrefied barley straw were 0.07 and 0.41, 
respectively. Low H/C and O/C ratios may contribute to less smoke 


and water vapor formation and reduced energy loss during com¬ 
bustion and gasification processes [23]. These characteristics are 
quite similar to rice husk with initial H/C and O/C ratios of 0.15 
and 1.12, respectively, producing torrefied biomass with final H/C 
and O/C ratios of 0.04 and 0.50 after heating in microwave at 
250 W for 20 min. While wheat and barley straw seemed to be less 
torrefied as compared to sugarcane bagasse at similar power levels 
as reported by Wang et al. [8]. 

3.3. Torrefaction products, mass and energy yield 

The details of solid mass yield, condensable liquids, and non¬ 
condensable gases along with the energy yield, all in dry matter 
basis, are presented in Table 4. Microwave power and reaction time 
both have significant effect on mass and energy yield of torrefied 
biomass and they decreased with increase in microwave power 
and reaction time. The low mass yield at higher microwave power 
may be explained due to high weight loss resulting from drying, 
volatilization, and decomposition of biomass feedstock [4]. The en¬ 
ergy density increased by 14-15% in wheat straw torrefied at 
300 W and 15-20 min process time with corresponding mass yield 
of 66.3-64.0% and energy yield of 75.5-73.8%. At 250 W and 15- 
20 min process time, the energy density in wheat straw increased 
to 12-13% but higher energy yield of 84.5-84.1 % and higher mass 
yield of 75.5-74.2% as compared to 300 W. The energy yield values 
were higher at lower power levels and shorter process time, but 
there was little increase in the energy density of the solid product. 
For barley straw, energy density was found to increase by 21-23%, 
which was higher than wheat straw but with reduced mass yield of 
42.7-44.1% and energy yield of 52.5-53.2% at 300 W and 15- 
20 min processing time, which is considerably less than wheat 
straw. The energy yield of barley straw at 250 W is comparable 
to that of wheat straw at 300 W. Similar effect of microwave power 
and processing time on mass and energy yield has been reported 
by Wang et al. [20] for microwave torrefied rice husk and sugar¬ 
cane residues. From Table 4, the highest liquid yield of 20.9% in 


Table 3 

Elemental composition of torrefied wheat and barley straw. 


Reaction condition Ultimate composition 3 


Power (W) 

Time (min) 

Temp. (°C) 

Max. heating rate (°C/min) 

Moisture (wt.%) 

Ash (wt.%) 

C 

H 

N 

S 

O b 

H/C 

O/C 

Wheat straw 
Untreated 




5.1 

10.9 

44.8 

5.9 

0.69 

0.15 

37.6 

0.13 

0.84 

300 

10 

307 

64 

3.6 

12.7 

49.0 

6.1 

0.81 

0.26 

31.0 

0.12 

0.63 


15 

392 

64 

2.4 

13.6 

50.7 

6.0 

0.85 

0.22 

28.7 

0.12 

0.56 


20 

- 

- 

1.6 

16.3 

52.0 

5.2 

0.86 

0.17 

25.5 

0.10 

0.49 

250 

10 

199 

37 

3.8 

13.3 

46.9 

5.7 

0.76 

0.17 

33.1 

0.12 

0.71 


15 

310 

40 

3.6 

14.6 

50.4 

5.3 

0.87 

0.16 

28.7 

0.11 

0.57 


20 

352 

50 

2.0 

14.7 

51.0 

5.3 

0.87 

0.17 

27.9 

0.10 

0.55 

200 

10 

133 

27 

4.0 

11.9 

45.1 

5.8 

0.67 

0.29 

36.3 

0.13 

0.81 


15 

156 

27 

2.6 

9.7 

46.6 

5.8 

0.75 

0.17 

37.0 

0.12 

0.79 


20 

242 

42 

3.0 

11.0 

48.6 

5.6 

0.79 

0.16 

33.9 

0.12 

0.70 

Barley straw 
Untreated 




5.8 

8.1 

44.5 

5.8 

1.09 

0.17 

40.4 

0.13 

0.91 

300 

10 

388 

110 

4.1 

10.5 

46.5 

5.7 

1.26 

0.17 

35.9 

0.12 

0.77 


15 

- 

- 

5.4 

17.2 

57.5 

3.8 

1.44 

0.32 

19.8 

0.07 

0.34 


20 

- 

- 

3.6 

15.2 

56.0 

4.0 

1.37 

0.25 

23.1 

0.07 

0.41 

250 

10 

314 

77 

5.0 

7.1 

45.8 

5.7 

1.27 

0.22 

39.9 

0.12 

0.87 


15 

427 

77 

5.0 

12.8 

49.4 

5.2 

1.29 

0.15 

31.2 

0.11 

0.63 


20 

- 

- 

4.4 

12.1 

48.8 

5.4 

1.36 

0.16 

32.1 

0.11 

0.66 

200 

10 

227 

58 

4.7 

9.5 

44.6 

5.8 

1.20 

0.31 

38.6 

0.13 

0.87 


15 

282 

58 

4.2 

10.3 

48.3 

5.6 

1.34 

0.20 

34.2 

0.12 

0.71 


20 

405 

58 

3.4 

11.8 

47.7 

5.7 

1.33 

0.17 

33.4 

0.12 

0.70 


3 Dry basis. 

b Calculated by difference. 
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Table 4 

Torrefaction products, mass yield (rj m ), energy ratio (ER), and energy yield (rj e ) for wheat and barley straw. 


Reaction condition 


Power (W) 

Time (min) 

Temp. (°C) 

Max. heating rate (°C/min) 

Y\m (%) 

HHV a (MJ/kg) 

ER 

he (%) 

Liquid yield 3 (wt.%) 

Gas yield a,b (wt.%) 

Wheat straw 
Untreated 




100 

17.8 

1.00 

100 



300 

10 

307 

64 

81.3 

19.6 

1.10 

89.5 

7.6 

11.1 


15 

392 

64 

66.3 

20.3 

1.14 

75.5 

11.9 

21.8 


20 

- 

- 

64.0 

20.5 

1.15 

73.8 

20.9 

15.0 

250 

10 

199 

37 

89.3 

18.6 

1.05 

93.4 

4.0 

6.7 


15 

310 

40 

75.5 

19.9 

1.12 

84.5 

11.9 

12.6 


20 

352 

50 

74.2 

20.2 

1.13 

84.1 

15.3 

10.6 

200 

10 

133 

27 

97.8 

17.9 

1.01 

98.4 

0.1 

2.1 


15 

156 

27 

92.7 

18.5 

1.04 

96.4 

3.7 

3.6 


20 

242 

42 

80.3 

19.2 

1.08 

86.9 

12.2 

7.5 

Barley straw 
Untreated 




100 

17.7 

1.00 

100 



300 

10 

388 

110 

83.9 

18.5 

1.04 

87.6 

5.6 

10.5 


15 

- 

- 

42.7 

21.9 

1.23 

52.5 

21.9 

35.4 


20 

- 

- 

44.1 

21.5 

1.21 

53.2 

19.7 

36.2 

250 

10 

314 

77 

90.3 

18.3 

1.03 

92.7 

3.6 

6.0 


15 

427 

77 

64.2 

19.5 

1.10 

70.4 

16.5 

19.4 


20 

- 

- 

70.1 

19.4 

1.09 

76.3 

17.3 

12.7 

200 

10 

227 

58 

97.4 

17.8 

1.00 

97.3 

2.3 

0.4 


15 

282 

58 

80.9 

19.2 

1.08 

87.4 

10.7 

8.4 


20 

405 

58 

79.6 

19.0 

1.07 

84.9 

10.0 

10.5 


a Dry basis. 

b Calculated by difference (100 - rj m -\iquid yield). 


wheat straw and 21.9% in barley straw was observed at operating 
conditions of 300 W/20 min and 300 W/15 min, respectively. It can 
also be observed from Table 4 that at operating conditions of 
250 W/20 min, more than 70% of mass and 75% of energy have 
been retained in the solid torrefied biomass and about 30% of mass 
and 25% of energy was shifted to liquid and gaseous products for 
both biomass. At this operating condition, the energy density in¬ 
creased by 13% and 9% for torrefied wheat and barley straw, 
respectively. These results suggest that barley straw is more easily 
torrefied as compared to wheat straw at similar power levels and 
process time. The increase in HHV values of wheat and barley 
straw in this study are lower as compared to the increase of HHV 
values of rice straw and Pennisetum (30% and 56%, respectively) 
after torrefaction at 300 W and 25 min [4]. 

Regression analysis between mass yield (100% for untreated 
biomass) and energy ratio (ER) produced linear relationship given 
in Eqs. (5) and (6) for wheat and barley straw, respectively. Strong 
negative correlation was found between the two parameters with 
coefficient of determination (R 2 ) of 0.96 for both the biomass 
residues. 


ERw = 1.44 - 0.004rj m 

(R 2 = 0.97) 

(5) 

ER B = 1.38 — 0.004rj m 

(R 2 = 0.96) 

(6) 


where, ER W and ER B are energy ratios for wheat and barley straw, 
respectively and r\ m is mass yield percentage in dry basis. 


3.4. Effect of moisture content of biomass on torrefaction temperature 
and mass yield 

Water molecule is polar in nature and considered as a good 
microwave radiation absorber. Hence, water content in the biomass 
may help in the heating and reactions. Wheat straw and barley 
straw at 10% and 15% moisture content on dry basis were torrefied 
at 200-300 W for 15-20 min of process time. The temperature pro¬ 
file of wheat straw at 15% moisture is shown in Fig. 6. The temper¬ 
atures were higher as compared to wheat straw (untreated, 5.1% 


moisture content) shown earlier in Fig. 2. The maximum heating 
rates were 134, 174 and 144°C/min for microwave power levels 
of 200, 250 and 300 W respectively. The maximum temperatures 
in 10 min increased from 219 to 371 °C and in 15 min, it increased 
from 313 to 424 °C when the microwave power increased from 200 
to 300 W. However, the heating rates were high in the first minute 
and in subsequent duration were found to be below 40 °C/min. The 
temperature and heating rates were significantly higher as com¬ 
pared to wheat straw at 5.1% moisture content at same reaction 
condition. It was observed that with increase in the moisture con¬ 
tent, the initial heating rates and maximum temperature increased. 
Similar observation was made in the microwave torrefaction of rice 
husk with different moisture content 20] at 200 and 300 W. Mass 
yield is an indicator of the severity of the torrefaction reaction. Mass 
yield at various reaction conditions for wheat and barley straw at 
10% and 15% moisture content is presented in Table 5. The mass 


200 W -250 W - • —300 W 



Time, min 

Fig. 6. Temperature profiles during microwave heating of wheat straw (15% 
moisture content). 



















276 


S.K. Satpathy et al./Fuel 124 (2014) 269-278 


Table 5 

Mass yield of wheat and barley straw at different moisture contents after torrefaction. 


Reaction 



Mass yield (% dry basis) 



condition * 


Wheat 



Barley 


Moisture content 

5.3% 

10% 

15% 

6.2% 

10% 

15% 

300 W, 15min 

66.3 

66.7 

68.7 

42.7 

49.4 

50.4 

300 W, 20 min 

64.0 

64.4 

67.6 

44.1 

34.4 

35.9 

250 W, 15min 

75.5 

80.8 

75.0 

64.2 

60.8 

71.0 

250 W, 20min 

74.2 

73.0 

70.7 

70.1 

39.9 

49.3 

200 W, 15min 

92.7 

98.5 

98.5 

80.9 

92.8 

95.2 

200 W, 20 min 

80.3 

85.4 

83.5 

79.6 

71.2 

77.4 


yields in wheat straw increased with increase in moisture content 
except at 250W/20min, indicating less severe torrefaction. The 
mass yields in barley straw at 15% moisture are higher than that 
of 10% moisture content at all the power levels. However, in com¬ 
parison to the results at 6.2%, the mass yields reduced significantly 
as the moisture increased to 10% and 15%. This indicates different 
behavior of wheat and barley straw with respect to moisture con¬ 
tent under microwave heating. Therefore, the selection of optimum 
moisture content may be done specific to the biomass feedstock un¬ 
der consideration. Instead of higher temperatures at higher mois¬ 
ture, the mass yields are higher as compared to dryer samples in 
most cases. It seems that some energy is absorbed by the water 
for vaporization resulting in less degree of torrefaction reaction. 

3.5. Grinding performance 

The raw and torrefied biomass were ground as per the proce¬ 
dure detailed earlier. The geometric mean diameter (GMD) of the 
wheat and barley straw torrefied under different reaction condi¬ 
tions after grinding test is presented in Table 6. The size reduction 
ratio is defined as the ratio between GMD of treated samples to the 
GMD of untreated sample. The size reduction ratio signifies the 
grindability of the biomass. The data clearly indicates that the 
GMD decreased with increase in power and reaction time in both 
wheat and barley straw indicating significant improvement in 
the grindability of the material after torrefaction. The size reduc¬ 
tion ratio in the torrefied wheat and barley straw varied between 
0.66-0.86 and 0.61-0.98, respectively as power and time was var¬ 
ied from 200-300 W and 10-20 min, respectively. 

3.6. Hydrophobicity 

Hydrophobicity as indicated by the moisture uptake of the 
untreated and torrefied samples of wheat and barley straw is 


presented in Table 7. The moisture uptake ratio was calculated 
by dividing the moisture content of treated sample by moisture 
content of untreated samples after the hydrophobicity test. Lower 
moisture uptake ratio indicates a highly hydrophobic characteristic 
of a product. The moisture uptake decreased with the increase in 
microwave power level and reaction time. The moisture uptake ra¬ 
tios for the treated samples were found to be 0.39-0.83 and 0.32- 
0.94 for wheat and barley straw, respectively, against a moisture 
uptake ratio of 1.0 for untreated biomass. The results indicated that 
the moisture absorbance of the biomass can be reduced up to 61% 
and 68% in wheat and barley straw after torrefaction at 300 W and 
20 min. The hydrophobic nature of the torrefied solid product will 
ensure less moisture absorbance during storage, which otherwise 
pose a problem in storage of untreated biomass. Li et al. [46] re¬ 
ported equilibrium moisture content of 4.2-34.2% for untreated 
wheat straw over a wide range of relative humidity (11.3-96.0%) 
and temperature (10-35 °C). Acharjee et al. [43] reported similar 
moisture absorbance characteristics for Loblolly pine biomass as 
the EMC attained after 9-15 days for torrefied biomass was 5.3- 
12.8% as against 15.6% for untreated biomass at 83.6% RH and 
30 °C temperature. 

3.7. Comparison with conventional torrefaction method 

Torrefaction of various types of biomass by electrical heating 
method (conventional method) has been discussed in literature. 
The reaction is usually carried out at 200-300 °C and the heating 
rates are usually kept below 50 °C/min. The heating of the biomass 
takes place from the surface to the inside of the particle through 
conduction, convection and radiation and therefore higher heating 
rates may result in shorter processing time and also result in 
incomplete reaction [8]. In contrast to this, in microwave, heating 
takes place at a molecular level and volumetric heating is achieved. 
Torrefaction is known to depend on the properties of the particular 


Table 6 

Geometric mean diameter (GMD) of torrefied wheat and barley straw after grinding test and the size reduction ratio. 


Reaction condition 

GMD (pm) 


Size reduction ratio 


Wheat straw 

Barley straw 

Wheat straw 

Barley straw 

Untreated 

386 

355 

1.00 

1.00 

300 W, 10 min 

316 

294 

0.82 

0.83 

300 W, 15 min 

268 

218 

0.70 

0.61 

300 W, 20 min 

253 

218 

0.66 

0.61 

250 W, 10 min 

315 

316 

0.82 

0.89 

250 W, 15 min 

281 

273 

0.73 

0.77 

250 W, 20 min 

274 

267 

0.71 

0.75 

200 W, 10 min 

334 

348 

0.86 

0.98 

200 W, 15 min 

305 

280 

0.79 

0.79 

200 W, 20 min 

293 

293 

0.76 

0.83 


The process temperature and maximum heating rates for wheat and barley straw are same as given in Table 3. 
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Table 7 

Moisture content (MC) and moisture uptake ratio of wheat and barley straw after hydrophobicity test at 30 °C and 95% RH for 72 h. 


Reaction condition 

Wheat straw 


Barley straw 


MC (% dry basis) 

Moisture uptake ratio 

MC (% dry basis) 

Moisture uptake ratio 

Untreated 

18.4 

1.00 

20.4 

1.00 

300 W, 10 min 

13.8 

0.75 

14.2 

0.70 

300 W, 15 min 

8.3 

0.45 

7.1 

0.35 

300 W, 20 min 

7.3 

0.39 

6.5 

0.32 

250 W, 10 min 

15.3 

0.83 

15.6 

0.76 

250 W, 15 min 

10.1 

0.55 

12.7 

0.62 

250 W, 20 min 

9.2 

0.50 

10.2 

0.50 

200 W, 10 min 

15.2 

0.83 

19.1 

0.94 

200 W, 15 min 

13.8 

0.75 

16.1 

0.79 

200 W, 20 min 

12.7 

0.69 

13.6 

0.67 


The process temperature and maximum heating rates for wheat and barley straw are same as given in Table 3. 


biomass and therefore the results vary widely from each other 
even in comparable process condition. Shang et al. [41 ] torrefied 
wheat straw in a 9 kW oven at 200-300 °C for 2 h. He reported that 
after torrefaction at 260 °C for 2 h, the mass loss was 30% (dry ash¬ 
free basis, (daf)) with energy loss of 15% (daf) and the higher heat¬ 
ing value increased by 21% (daf). In the present study, after con¬ 
verting the results to dry ash-free basis, comparable results are 
obtained at 300 W for 20 min with mass loss of 28% (mass 
yield = 72%), energy loss of 11% (Energy yield = 89%) and an in¬ 
crease of 23% in the HHV. Similarly, for barley straw, comparable 
results were obtained at 250 W for 20 min with mass loss of 24%, 
energy loss of 13% with 14% increase in HHV. Similar results in con¬ 
ventional torrefaction at 270 °C/30 min has been reported for 
wheat straw and reed canary grass with mass loss of 28% and 
23% and energy yield of 29% and 22% for the two biomass respec¬ 
tively [14]. The smaller residence time in this study might be due 
to very small sample size (25-35 mg). Thus, comparable torrefac¬ 
tion products can be obtained in microwave heating at low power 
levels and much shorter time, which can save both energy and 
time in the process. Moreover, the torrefaction byproducts like 
the liquid and gaseous products may be used as fuel, which will 
further add to the economics of the process. Budarin et al. 25] cal¬ 
culated the energy balance of the bio-oil produced in low temper¬ 
ature microwave activation of wheat straw and found that the 
energy value of the bio-oil produced alone is over five times the en¬ 
ergy input in the process. 

4. Conclusions 

Microwave power and reaction time are the primary parame¬ 
ters which affect the torrefaction reaction. The moisture of the bio¬ 
mass used in this investigation did not affect the process as much 
as other parameters at moderate power levels and short reaction 
time. Barley straw with higher moisture was severely torrefied at 
higher power level and reaction time. Under similar reaction con¬ 
ditions, barley straw was more easily torrefied than wheat straw. 
Power levels are suggested to be set between 250-300 W for wheat 
straw and 200-250 W for barley straw and torrefaction should be 
carried out for 15-20 min. Microwave torrefaction significantly 
improved the fuel characteristics like H/C, O/C, HHV, energy den¬ 
sity of the samples. There was a mass and energy loss in the pro¬ 
cess, which may be recovered by the suitable utilization of liquid 
and gaseous products. The grindability and hydrophobicity of the 
biomass improved greatly by torrefaction. However, hot spots 
and localized initiation of the reaction was observed in the sam¬ 
ples, which is due to the selective heating mechanism in micro- 
wave irradiation and the non-homogenous nature of biomass. 
From the results of this study, we conclude that microwave irradi¬ 
ation can effectively be used for torrefaction of wheat and barley 
straw. 
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